The potential pathogenic effects of silica and carbon nanotubes (CNTs) on fibroblasts, macrophages/ monocytes, and T cells were investigated. Human macrophage/monocytes were cultured and stimulated with silica, CNTs, or titanium particles. After adding human T cells to the stimulated macrophages/ monocytes, the cells were added to cultured human fibroblasts. Upon microscopic examination, CNT stimulation after 24 hours showed centralization of macrophages/monocytes around the CNTs. Silica stimulation showed a significant increase ofIL-la and IL-lli in cultured medium, and an increased gene expression of CTGF in cultured fibroblasts at I hour, as well as an up-regulation of the COLIA2 gene at 24-hour time point. In addition to the same changes of IL-Ia, IL-lli and the COLIA2 by silica, CNT stimulation showed an increase of IL-8 in cultured medium at J-hour time point. Titanium stimulation yielded no significant changes. The results indicate a proinflammatory and/or profibrotic effect of silica and CNTs to cultured human cells including macrophages/monocyte, T cells and fibroblasts.
Environmental factors influence human life to different extents. Silica and carbon nanotubes (CNTs) are two common particles that widely exist in our living environment. Both particles may be small enough to enter the human body through the respiratory system or by directly contacting human skin. Exposure to silica frequently occurs in people whose occupations are involved in stone quarries, mineral and coal mining, glass, ceramic and metal manufactures. Silica exposure has been associated with fibrosis and autoimmune diseases. CNTs are nanoscale structures that have been extensively used in application of recent nanotechnology engineering, such as in electronics, computer, aerospace and biomedical science. CNTs are commonly formed in ordinary flames (1) , or by burning methane (2), ethylene (3) and benzene (4) . They exist in soot from both indoor and outdoor air (5) . Although specific CNT-associated human diseases have not been clearly identified, the potentially hazardous effects of CNTs have been observed in animal studies. Typically, CNTs acted as a trigger inducing inflammation, granulomas and fibrosis in mice (6) .
This study aims to examine the potentially pathogenic effects of silica and CNTs in human cell system containing fibroblasts, macrophages and T cells. Fibroblasts are the most common cells in human connective tissues. They continuously synthesize and maintain the extracellular matrix (ECM) that determines the physical properties and biological functions of tissues (7) . In many diseases, fibroblasts of connective tissues are the major target x.GUO ETAL. of pathogens and/or primary sites of dysfunction. A typical pathological consequence of dysfunctional fibroblasts is fibrosis, in which fibroblasts synthesize excessive amounts of the ECM components such as collagen (7, 8) . Fibroblasts obtained from typical fibrotic diseases, such as scleroderma, characteristically show fibrotic features including high levels of the ECM expression (8) . While fibroblasts may be important endpoint tissue cells that directly affect disease phenotype, macrophages and T cells induce activation of fibroblasts in the body. Macrophages are early responding cells in uptaking pathogenic materials to activate lymphocytes. T lymphocytes are central players in cell-mediated immunity, which usually stimulate target cells such as fibroblasts. Therefore, the combination of human macrophages, T cells and fibroblasts provide a live bio-system of the human body for the studies of the potentially hazardous effects of environmental particles.
MATERIALSAND METHODS

T cell isolation from PEMC and culture
Whole blood (20 ml) obtained from a healthy donor was collected by the Vacutainer CPT tube system (Becton Dickenson, Heidelberg, Germany). The cell layer containing peripheral blood mononuclear cells (PBMC) was obtained through centrifugation (1500 g, 15 min, 24°C) within I hour of blood collection. Cells were recovered and washed twice in phosphate-buffered saline (PBS).
T cells were isolated from PBMC using CD3 MicroBeads and the magnetic cell-sorting system (Miltenyi Biotec, Auburn CA). Briefly, about 10 7 PBMC were re-suspended in 80 ul PBS supplemented with 2 mM EDTA and 0.5% bovine serum albumin (PBS/E/B). Then 20 ul CD3 MicroBeads were added and incubated for 15 min at 4°C. After the mixture was washed with PBSIEIB, and re-suspended in PBS/EIB, it were added into the LS+ column on the magnetic field. The positive cells were eluted from the column with 5 ml PBSIEIB using the plunger supplied. Flow cytometry confirmed that this population was 95-98% pure (CD3+ vs CD3-). Cells were grown in a T25 tissue culture flask (Greiner Labortechnik, Frickenhausen, Germany) in complete Roswell Park Memorial Institute medium-1640 (RPMI-1640) with 10% fetal bovine serum (FBS) and lx phytohemagglutinin (PHA). After two days, the cells were cultured in fresh RPMI-1640 with recombinant human IL-2 at 50U/ml (R&D Systems, Inc. Minneapolis, MN, USA). After 3 passages, T cells were used in the stimulation studies. The culture medium was replaced with only RPMI-1640 for 48 hours before particle stimulation assays.
Macrophage culture and stimulation
THP-l cells (Human monocytes) were obtained from American Type Culture Collection (ATCC). After growing confluent in complete RPMI with 10% FBS, cells were treated with 10-8 M phorbol 12-myristate 13-acetate (PMA) for 36-48 hours to induce differentiation into macrophage-like cells (macrophages/monocytes). The macrophage-like cells were cultured in RPMI medium for 24 h without serum supplementation, and were then stimulated with addition of either silica, CNTs or titanium particles (10 ug/rnl for each) (purchased from Sigma-Aldrich, St. Louis, MO) for 24 h. In addition, phosphate buffered saline (PBS) stimulation was used as the control. A digital camera equipped on a light microscopy (Nikon, ECLIPSE TE2000-U) was used to monitor cellular response to the particles.
Normal human fibroblasts culture and stimulation
A fibroblast strain was obtained from skin biopsy of a healthy donor. Briefly, cultured fibroblast strain was established by mincing tissues and placing them into 60 mrn culture dishes secured by glass cover-slips. The primary cultures were maintained in Dulbecco's Modified Essential Media (DMEM) with 10% FBS and supplemented with antibiotic and antimycotic. The 5th passage offibroblast cell strains were plated at a density of 2.5 x 10 5 cells in a 35 mm dish and grown until confluency. The culture medium was replaced with DMEM without FBS before stimulation assays.
Cultured normal human T cells were mixed with stimulated macrophages/monocytes for 10 minutes then added to cultured normal human fibroblasts. The stimulation process was monitored under a light microscope. Cytokine arrays were used to examine cytokines in cultured media after one-hour co-culture. Real-time RT-PCR was used to examine gene expression of fibroblasts responding to the stimulated macrophages/ monocytes and T cells at 1 and 24 hours. Before extraction of total RNA from cultured fibroblasts, the fibroblasts were washed two times with culture medium to eliminate macrophages/monocytes and T cells. All experiments were performed in triplicate.
Cytokine arrays
The cytokine levels in cultured fibroblasts containing stimulated macrophages/monocytes and T cells were examined with Quansys Human Cytokine Array (Quansys Biosciences, Logan Utah). The array contains 12 different cytokines (IL-l a, IL-l~, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-13, IFN-y, TNF-a and TNF-~). The assays were performed in triplicate following manufacture's protocol, and were imaged by a CCD camera. The data was analyzed with Quansys Array Software by Quansys Biosciences.
Real-time RT PCRfor measurement oftranscript level:
Total RNA from each sample was extracted from cultured fibroblasts described above using TRIzol reagent (Invitrogen Life Technology) and treated with Dnase I (Ambion, Austin, TX). The transcript levels of the genes including COLlA2, CTGF, IL-l13 and IL-8 were selected for measurement. Both COLlA2 and CTGF are extracellular matrix genes that are commonly up-regulated in fibrotic process of fibroblasts, while IL-l13 and IL-8 are inflammatory genes that are commonly expressed in inflammation by monocytes.
Quantitative real time RT-PCR was performed using an ABI 7900 sequence detector (Applied Biosystems, Foster City, CA). The specific primers and probes for each gene were purchased through Assays-on-Demand from Applied Biosystems. As described previously (9), cDNAs were synthesized from total RNA using Superscript II reverse transcriptase (Invitrogen Life Technology). Synthesized cDNAs were mixed with primers/probes in the 2x Taqman universal PCR buffer, and then assayed on an ABI 7900. Each subject was measured in triplicate. The data obtained from assays were analyzed with SDS A 2.1 software (Applied Biosystems). The amount of total RNA in each sample was normalized with 18 S rRNA and GAPDH transcript levels.
RESULTS
A1orphologicalchanges
Through monitoring live cells with a digital camera on a microscope, we observed the response of macrophages/monocytes to different particles. Within the first 30 minutes of stimulation, macrophages/ monocytes started to move toward CNT particles. At 24-hour stimulation, CNTs were heavily surrounded by macrophages/monocytes, while silica particles that appeared smaller than CNTs were surrounding the macrophages/monocytes (Fig. I) . In contrast, titanium particles did not undergo such changes. After stimulation, the cultures of macrophages/monocytes were mixed with T cells and fibroblasts. Within the first 30 minutes ofco-cultures, the fibroblasts did not show significant morphological changes. However, after 24 hours, microscopic examination showed deformed fibroblasts around the CNTs (Fig. 2) . The fibroblasts in the presence of silica-and titanium- 
Fig. 2. Cultured Fibroblasts with stimulated macrophages/monocy tes and T cells at 24-hour time point . A) Fibroblasts cultured with PBS stimulated macrophages/monocytes and T cells; B) Fibroblasts cultured with CNT-stimulated macrophages/monocyt es and T cells; C) Fibroblasts cultured with silica-stimulated macrophages/monocytes and T cells; D) Fibroblasts cultured with titanium-stimulated macrophages/monocytes and T cells. Arrow indicates a CNT stimulated macrophages/T cells did not show clear morphological changes (Figs. I and 2).
Cytokine secretion into cell culture medium
A total of 12 cytokines (IL-la, IL-2, IL-4, IL-5, IL-6, IL-8, IL-IO, IL-13, IL-18, IFN-y, TNF-a and TNF-~) were examined by ELISA assays. The changes of cytokine levels are shown in Fig. 3 . In particular, compared to PBS control, one-hour silica stimulation in macrophage/monocyte cultures showed 3.3-fold and 2.5-fold increases ofIL-la and IL-l~(average changes measured in three assays , p < 0.05 by z-test), respectively. CNT stimulation showed 3.5-fold, 5.7-fold and 4.9-fold increases of IL-I a, IL-l~and IL-8, respecti vely (p < 0.05 by t-test ). In addition, IL-lO and IL-13 also showed a mild increase in CNT stimulation, but appeared not significant (p > 0.05). Titanium stimulation did not show significant change s of the cytokines in the cultures.
Gene exp ression changes of the fi broblasts
At one-hour time point of co-culture offibroblasts with silica-stimulated macrophages/monoc ytes and T cells, a mild increase of transcript level of CTGF (1.6l-fold, P < 0.05), but a decrease in IL-lB and IL-8 (0.56-and 0.49-fold, respect ively, P < 0.05), were observed in the fibroblasts (Fig. 4A ). At 24hour time point, increased expressions of COLlA2 were observed in both silica and CTN stimulation (1.96-fold and 2.77-fold, respectively, P < 0.05). In addition , a mild increase ofCTGF also was observed in both (1.53-fold and 1.50-fold, respectively, P < 0.05) (Fig. 4B) . No other significant changes were observed.
DISCUSSION
Both silica particles and CNTs have been reported as profibrogenic in a number of studies (6, 10, 11 ) . Inflammation appears to be a common process induced by nanoparticles (10) (11) (12) (13) (14) (15) (16) . Our studies in a human cell system containing fibroblasts , macroph ages/monocytes and T cells supported this notion. Interestingly, these two particles shared some features in the processe s of cellular response s, 
Fig. 3. Cytokine levels in I-hour cultured medium offibrobla sts with differently stimulated macrophages/ monocytes and T cells. A) Fibroblasts cultured with PBS-stimulated macrophages/monocytes and T cells; B) Fibroblasts cultured with CNT-stimulated macrophages/monocytes and T cells; C) Fibroblasts cultured with silica-stimulated macrophages/ monocytes and T cells; D) Fibroblasts cultured with titanium-stimulated macrophages/monocytes and T cells. Assays
. A) Changes oftranscript levels ofthe COLlA2, CTGF, ILlB and ILB in thefibrob lasts after I-hour co-culture with stimulated macrophages/monocytes and Tcells. A: Fibroblasts cultured with PBS-stimulated macrophages/monocytes and T cells; B: Fibroblasts cultured with CNT-stimulated macrophages/monocytes and T cells; C: Fibroblasts cultured with silica-stimulated macrophages/monocytes and T cells; D: Fibroblasts cultured with titanium-stimulated macrophages/ monocytes and T cells. Assays were examined in triplicates. *p<O.05. B) Changes of transcript levels of the COLIA2, CTGF, ILlB and ILB in the fibroblasts after 24-hour co-culture with stimulated macrophages/monocytes and T cells. A: Fibroblasts cultured with PBS-stimulated macrophages/monocytes and T cells; B: Fibroblasts cultured with CNTstimulated macrophages/monocytes and T cells; C: Fibroblasts cultured with silica-stimulated macrophages/monocytes and T cells; D: Fibroblasts cultured with titanium-stimulated macrophages/monocytes and T cells. Assays were examined in triplicates. *p<O.05
but also seemed to be distinctive in each.
In both silica and CNT stimulation, IL-l a and IL-l~were significantly increased in the culture medium at l-hour time point after addition of stimulated macrophage/monocytes and T cells into cultured fibroblasts. Increased gene expression of the COUA2 was followed in cultured fibroblasts at 24hour time point. IL-l a and IL-l~are important proinflammatory cytokines that may trigger a variety of cellular responses, such as fibrosis, apoptosis, and proliferation. Increased levels of IL-l a and IL-lĩ n the culture medium may come from stimulated macrophages/monocytes that are usually the major source of inflammatory cytokines. A down-regulation of the IL-IB gene observed in the cultured fibroblasts may be a feedback response. Up-regulated, the COUA2 in cultured fibroblasts is likely triggered at least in part by IL-l a and IL-l~in the cultures, which indicates a potential fibrotic response. It is worth noting that due to the adherent nature ofmacrophages/ monocytes and T cells, the fibroblasts examined for gene expressions may carry a small fraction of nonfibroblast residues from the co-cultures. ' Different from silica stimulation, IL-8 was also significantly increased in early culture medium (I-hour time point) of fibroblasts with CNTstimulated macrophages/monocyte and T cells. IL-8 is a chemokine that attracts inflammatory cells at the site of inflammation. Concordantly, livemicroscope examination showed that macrophages/ monocytes aggregated at the site of CNTs in the cultures of either macrophages/monocytes alone or with fibroblasts. This change was not observed in silica and titanium stimulation. Compared to silica and titanium particles, a bigger size of CNTs may affect cellular responses in cultured cells, which was reported in studies ofCNTs (I4, 17).
An early mild upregulation of the CTGF gene in cultured fibroblasts after addition of silica stimulated macrophages/monocytes and T cells at I-hour time point is distinct from the CNTs stimulation. CTGF is a profibrotic cytokine that may induce collagen expression and deposition in fibrotic diseases. Therefore, a later response of the COUA2 in the fibroblasts at 24-hour time point also may be triggered by CTGF signaling. This observation appeared important since high levels of CTGF have been associated with fibrotic diseases such as systemic sclerosis, hepatic fibrosis and idiopathic pulmonary fibrosis (18) (19) (20) . Up-regulation of CTGF expression was reported in cultures of fibroblasts from patients with SSc (21) . Silica exposure has been widely discussed in the pathogenesis of SSc. In 1914 Bramwell reported five cases ofSSc who were stonemasons exposed to silica (22) . The incidence of SSc in black South African gold miners who were exposed to silica was reported to be 81.8 per million compared to 3.4 per million in general black South Africans (23) . The relative risk for developing SSc was 25-39 times higher in patients with radiologically documented silicosis (24) . Our results support that silica may be a potential environmental trigger to SSc.
In summary, our studies indicate that both silica and CNTs might activate fibroblasts through IL-l signaling in the cultures of macrophages/ monocytes, T cells and fibroblasts. In addition, silica stimulation also triggered CTGF over-expression in the fibroblasts, while CNTs induced IL-8 production from the cultures. These potential proinflarnmatory changes were followed by an up-regulation ofcollagen gene. In contrast, titanium stimulation did not show significant changes in the cultures. These findings have relevance for understanding environmental contributions to inflammation as well as fibrosing diseases such as scleroderma, and may suggest a potential health hazard in current application ofnanoparticles including silica and CTNs.
